Glial cells that express the NG2 proteoglycan and the ␣ receptor for PDGF (NG2 cells, polydendrocytes) make up the fifth major cell population that serves as oligodendrocyte progenitor cells in the postnatal CNS. Although recent studies have suggested differences in their proliferation and oligodendrocyte differentiation in gray and white matter, the mechanism underlying the observed differences has been unclear. Using organotypic slice cultures from the forebrain and cerebellum of early postnatal NG2creBAC:ZEG mice, we have compared basal and growth factor-induced proliferation of NG2 cells in gray and white matter. NG2 cells in white matter exhibited greater proliferative response to PDGF AA than those in gray matter. Heterotopic slice transplant and explant cultures suggested intrinsic mechanisms for the differential proliferative response of gray and white matter cells. Additionally, younger white matter NG2 cells showed a more robust proliferative response to PDGF. Basal and PDGF-induced proliferation of gray and white matter NG2 cells was largely dependent on Wnt/␤-catenin and phosphatidylinositol 3-kinase acting through the mammalian target of rapamycin pathway and not through ERK. These data uncover a previously unrecognized divergence between gray and white matter NG2 cells in the developing brain in their proliferative response to PDGF.
Introduction
Cells that express the NG2 chondroitin sulfate proteoglycan (NG2 cells) make up a unique glial cell population in the CNS . They are the source of myelinating oligodendrocytes, comprise ϳ70% of cycling cells in the CNS, and persist uniformly in gray and white matter throughout development and adulthood (Dawson et al., 2003; . It has been debated whether NG2 cells comprise a functionally homogeneous cell population or whether they represent a heterogeneous population with distinct properties. Differences in the behavior of NG2 cells in gray and white matter have been observed. For example, NG2 cells in the corpus callosum proliferate and differentiate into oligodendrocytes at a greater rate than those in the neocortex (Dawson et al., 2003; Dimou et al., 2008; Rivers et al., 2008; Kang et al., 2010; Zhu et al., 2011) . Neocortical NG2 cells have more hyperpolarized resting membrane potentials and greater inwardly rectifying potassium channel currents compared with those in the corpus callosum (Chittajallu et al., 2004) . Furthermore, recent studies on multiple sclerosis (MS) lesions have revealed differences in the pathology and the extent of repair between gray and white matter (Albert et al., 2007; Stadelmann et al., 2008) .
PDGF AA activates the ␣ receptor (PDGFR␣) on NG2 cells and plays a critical role in regulating their proliferation and survival Raff et al., 1988; Richardson et al., 1988; Barres et al., 1993) . In the absence of PDGF, NG2 cells fail to develop in the spinal cord and cerebellum, resulting in hypomyelination. Transgenic overexpression of PDGF causes a dosedependent increase in NG2 cell proliferation in the developing spinal cord (Calver et al., 1998; Fruttiger et al., 1999) .
Using organotypic slice cultures, which preserve tissue cytoarchitecture, we have found that NG2 cells in white matter undergo a greater proliferative response to PDGF than those in gray matter, despite similar levels of PDGFR␣ expression. Furthermore, we found that both basal and PDGF-induced NG2 cell proliferation is mediated primarily by phosphatidylinositol-3-kinase (PI3K) acting through the mammalian target of rapamycin (mTOR) pathway in combination with Wnt/␤-catenin signaling and not by the ERK pathway.
Materials and Methods
Animals. Postnatal day 4 (P4) and P8 male and female NG2creBAC:ZEG double transgenic mice and wild-type littermates (Zhu et al., 2008) were used. Z/EG mice (Novak et al., 2000) were maintained as homozygotes and bred to heterozygous female NG2creBAC animals (The Jackson Laboratory; stock 008533). All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Connecticut.
Slice culture. Cortical and cerebellar organotypic slice cultures were prepared from P4 and P8 NG2creBAC:ZEG double transgenic mice as described previously (Bahr et al., 1995 , Zhu et al., 2011 . Briefly, 300 m coronal forebrain or sagittal cerebellar slices were cut with a tissue chopper, separated in ice-cold dissection medium, and placed on Millicell culture inserts with 0.45 m pore size (Millipore). Slices were main-tained in a humidified 37°C, 5% CO 2 incubator. Slice media contained 50% Minimal Essential Medium with Earle's Salts; 25 mM HEPES buffer, pH 7.22; 25% HBSS without calcium chloride, magnesium chloride, or magnesium sulfate; 25% horse serum; 0.4 mM ascorbic acid; 1 mM L-glutamine; and 1 mg/L insulin. Culture medium was changed 24 h after dissection and every other day thereafter.
Transplant experiments in slices were performed by micro-dissecting out 300 m 3 blocks of tissue from either somatosensory cortex or corpus callosum out of slices from P8 NG2creBAC:ZEG mice and placing them on the somatosensory cortex or corpus callosum regions of wild-type littermate slice cultures prepared immediately before explant dissection. For isolated explant cultures, 300 m 3 blocks from the somatosensory cortex and corpus callosum were placed directly on Millicell inserts.
Growth factor and inhibitor treatment. After 7 d in vitro (DIV), the cultures were exposed to growth factors and/or inhibitors of intracellular signaling pathways for 48 h. Growth factors used included human PDGF AA (R&D Systems), fibroblast growth factor 2 (FGF2, Invitrogen), and epidermal growth factor (EGF; R&D Systems). Pharmacological agents used included inhibitors of PI3K, LY294002, and wortmannin; inhibitors of ERK 1/2, UO126, and PD98059; inhibitor of tankyrase XAV939, which inhibits ␤-catenin by stabilizing axin (Huang et al., 2009) ; and inhibitor of mTOR, rapamycin (all from Sigma). During the last 4 h of growth factor treatment, 5-ethynyl-2Ј-deoxyuridine (EDU) (Invitrogen) was added to the culture medium at a final concentration of 10 M to label cells undergoing DNA synthesis.
Tissue processing and immunohistochemistry. Slice cultures were fixed with 4% paraformaldehyde containing 0.1 M L-lysine and 0.01 M sodium meta-periodate (PLP) for 30 min at room temperature followed by two washes in 0.2 M sodium phosphate buffer, pH 7.0. For immunohistochemistry, slices were washed in PBS, permeabilized and blocked with 0.1% Triton X-100 and 5% normal goat serum (NGS) in PBS for 1 h, and then incubated at 4°C overnight with primary antibodies diluted in PBS containing 5% NGS. Primary antibodies used were rabbit anti-NG2 (Millipore Bioscience Research Reagents; 1:500), chicken anti-green fluorescent protein (GFP, Aves Laboratories; 1:500), rabbit anti-PDGFR␣ (Dr. William Stallcup, Burnham Institute, La Jolla CA; 1:1000), goat anti-mouse PDGFR␣ (R&D Systems; 1:2000) , and mouse anti-myelin basic protein (MBP, SMI99, Sternberger Monoclonals; 1:2000) antibodies. After PBS wash, slices were incubated in secondary antibodies at room temperature for 1 h in PBS containing 5% NGS. Secondary antibodies used were Alexa Fluor 488-conjugated antibodies (Invitrogen, 1:500), Cy3-conjugated antibodies (Jackson ImmunoResearch Laboratories; 1:500), and DyLight 649-conjugated antibodies (Jackson ImmunoResearch Laboratories; 1:200). Detection of EDU was performed after PBS wash according to the manufacturer's protocol. Slices were then mounted on glass slides in Vectashield mounting medium (Vector Laboratories) containing 4Ј,6-diamidino-2-phenylindole (DAPI).
Fluorescence microscopy and quantification. Fluorescence images were captured on a Zeiss Axiovert 200M microscope with an ORCA ER camera (Hamamatsu) and Apotome grid confocal system (Zeiss), Leica TCS SP2 confocal microscope, or a Leica DMR upright fluorescence microscope equipped with an ORCA camera (Hamamatsu) using IPLab software. Images were processed in Adobe Photoshop (Adobe Photo Systems) and ImageJ (National Institutes of Health). Image manipulations were limited to gray-scale level adjustment. The proportion of proliferating NG2 cells was determined by counting the number of GFP ϩ and GFP ϩ EDU ϩ cells in randomly selected gray and white matter regions identified by their location within the slice and by the distribution of myelin basic protein (see Figs. 1 J, K and 3). Data were collected from at least three mice. All values are expressed as means with SDs.
Fluorescence intensity measurements were performed as previously described (Hill et al., 2011) on coronal forebrain sections from P9 wildtype mice perfused with 4% PFA-PLP and stained with different concentrations of anti-PDGFR␣ antibody (see Fig. 2 ). Images were captured with the same exposure settings, and mean fluorescence intensity values were determined per defined area using ImageJ followed by background intensity subtraction.
Western blots. After 5 DIV, cultures were exposed to inhibitors for 1 h before 30 min of stimulation with PDGF. Tissue was lysed in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate, 1% Triton X-100, 1 mM sodium orthovanadate, 1ϫ protease inhibitor mixture (Sigma), and 1ϫ PhosStop phosphatase inhibitor mixture (Roche) for 10 min on ice and sonicated. Protein concentration was determined by the detergent-compatible Lowry assay (Dc assay, BioRad). Equal amounts of protein were heat denatured for 10 min under reducing conditions (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT), separated by SDS-PAGE using 8% or 8 -16% gradient acrylamide gels (Novex), transferred to polyvinylidene difluoride membranes (Millipore), and blocked for 1 h in blocking buffer consisting of 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 5% BSA at room temperature. Membranes were incubated overnight at 4°C in blocking buffer containing antibodies to phospho-AKT Ser 473, total AKT, phospho-p44/42 MAPK (ERK1/2; Thr 202 Tyr 304), total p44/42 MAPK (ERK1/2) (all rabbit antibodies from Cell Signaling Technology, 1:1000), followed by incubation with goat anti-rabbit IRDye 800CW (LI-COR 1:10,000) in blocking buffer and imaged on an Odyssey IR scanner (LI-COR). Intensity of the bands was measured using the LI-COR software or ImageJ, and the intensity of phospho-specific bands were normalized to the intensity of the respective total protein bands.
Results

White matter NG2 cells undergo greater PDGF-induced proliferation than gray matter NG2 cells
To compare proliferation of NG2 cells in gray and white matter in response to growth factors, slice cultures from P8 NG2creBAC: ZEG forebrain were incubated with 10, 25, 50, 100, and 200 ng/ml PDGF or 50 ng/ml FGF2 or EGF and labeled with EDU during the last 4 h of culture. In NG2creBAC:ZEG double transgenic mice, NG2 cells and their progeny expressed GFP. Although vascular pericytes were also labeled with GFP in these mice, the cells we analyzed coexpressed NG2 and PDGFR␣ and had the morphology of NG2 cells. Basal levels of proliferation of NG2 cells in the gray and white matter were similar (Fig. 1E ). Treatment with 50 ng/ml PDGF resulted in a threefold increase in the proportion of GFP ϩ cells that were EDU ϩ in the region corresponding to the corpus callosum (white matter) ( Fig. 1 A, B,E-I ). Treatment of the slices with 100 or 200 ng/ml PDGF did not elicit a significantly greater proliferative response compared with slices treated with 50 ng/ml PDGF (50 ng/ml vs 100 ng/ml p ϭ 0.9028, 50 ng/ml vs 200 ng/ml p ϭ 0.7275, unpaired two-tailed t test), suggesting that 50 ng/ml was the saturating concentration for white matter NG2 cells in our slice culture system. By contrast, PDGF did not significantly increase the percentage of EDU ϩ GFP ϩ cells in the neocortical gray matter regions of the same slices at all concentrations tested ( Fig. 1 B, E-G). There was a trend toward PDGFinduced proliferation of gray matter NG2 cells at the higher concentrations. However, these values did not reach significance over control untreated samples and were always significantly lower than those in white matter. Neither FGF2 nor EGF increased proliferation of GFP ϩ NG2 cells in the neocortex or corpus callosum of P8 slices ( Fig. 1C-E ) but increased the number of EDU ϩ GFP Ϫ cells in the subventricular zone (SVZ) (Fig. 1C ,D), consistent with previously reported effects of FGF2 and EGF on SVZ cells (Naruse et al., 2006 , Doetsch et al., 2002 .
To determine whether the differential response of gray and white matter NG2 cells to PDGF was the result of the different degree of maturity of the cells in the two regions, we incubated forebrain slices isolated from younger (P4) NG2creBAC:ZEG mice with 10, 25, and 50 ng/ml of PDGF and compared the proliferative response between gray and white matter and to P8 slices. In slice cultures from P4 mice, as in P8 mice, NG2 cells in white matter exhibited more than a fourfold increase in proliferation when they were treated with 50 ng/ml PDGF, but NG2 cells in gray matter failed to proliferate in response to PDGF (Fig. 1L) . Furthermore, we noted a significantly greater response to PDGF by white matter NG2 cells in slices prepared at P4 compared with P8 at all three concentrations of PDGF tested, suggesting a greater sensitivity of NG2 cells in the more immature white matter to PDGF (Fig. 1L) . Therefore, the differences in proliferative response of gray and white matter NG2 cells are likely not a reflection of the degree of maturity of the cells but rather reflect a fundamental difference between gray and white matter NG2 cells or their environment. ϩ cells in forebrain slice cultures exposed to no growth factor (A), 50 ng/ml PDGF (B), FGF2 (C), and EGF (D) for 48 h. Quantification of GFP ϩ EDU ϩ cells in P8 neocortex (gray matter) and corpus callosum (white matter) after exposure to the different growth factors (E) showing increased proportion of proliferating white matter GFP ϩ cells after exposure to PDGF but not FGF2 or EGF. Dose-response to PDGF demonstrates that gray matter cells do not increase their proliferation even at and above saturating concentrations of PDGF for white matter cells. High-magnification images taken from gray (F, G) and white (H, I ) matter regions showing GFP fluorescence and EDU labeling in control (F, H ) and PDGF-treated (G, I ) slices. MBP and EDU double labeling of cortical slice cultures in control (J ) and after exposure to 50 ng/ml PDGF (K ) identifies the gray and white matter regions and demonstrates the localization of proliferating EDU ϩ cells to white matter after PDGF exposure. Quantification of GFP ϩ EDU ϩ cells in gray and white matter of forebrain slices isolated from P4 and P8 animals (L) demonstrating an age-dependent differential response to PDGF by white matter NG2 cells. We next examined whether there was differential expression of PDGFR␣ between gray and white matter regions, which might account for the region-dependent differences in PDGF-induced proliferation. Using immunofluorescence intensity quantification, we found no significant differences in the levels of PDGFR␣ expression between NG2 cells in the corpus callosum and neocortex of coronal sections from wild-type P9 mice at all antibody concentrations tested ( Fig. 2A-C) . Similarly, there was no detectable difference in the level and distribution of PDGFR␣ immunofluorescence on GFP ϩ NG2 cells in the gray and white matter of slices cultured in the absence of PDGF from P4 or P8 brain (Fig. 2D-G) . The GFP ϩ cells that lack PDGFR␣ reactivity are likely to be differentiated oligodendrocytes that have downregulated PDGFR␣ expression. These observations indicate that the lack of PDGF-induced NG2 cell proliferation in gray matter cannot be attributed to the lack of PDGFR␣ expression.
To determine whether the region-dependent difference could be seen in other parts of the CNS, we examined the effects of PDGF on proliferation of NG2 cells in the gray and white matter of cerebellar slice cultures obtained from P8 mice. Basal levels of NG2 cell proliferation in the cerebellar gray and white matter were similar. Treatment with PDGF led to a 2.7-fold and 4.5-fold increase in the proportion of GFP ϩ cells that were also EDU ϩ in gray and white matter, respectively (Fig. 3) . The proportion of EDU ϩ GFP ϩ cells was twofold higher in the white matter than that in the gray matter after PDGF treatment. These data suggested that the observed difference in PDGF-induced proliferation between gray and white matter NG2 cells was common to both forebrain and hindbrain.
Transplanted NG2 cells retain the proliferative behavior of the site of origin To determine whether the cellular environment was causing the higher proliferative response of white matter NG2 cells to PDGF, gray or white matter explants from P8 NG2creBAC:ZEG slices were transplanted into the cortex or corpus callosum of wild-type littermate slice cultures. Transplanted tissue pieces were allowed to integrate into the host tissue for 7 d, and proliferation of GFP ϩ donor cells was examined (Fig. 4A-M ) .
PDGF induced a threefold to fourfold increase in proliferation of GFP ϩ cells from both gray and white matter regardless of their location in the host slice (Fig. 4M) . Compared with gray matterderived GFP ϩ cells, however, both basal and PDGF-induced proliferation of white matter-derived GFP ϩ cells was twofold higher (Fig. 4M) . Gray matter-derived cells proliferated significantly less than white matter-derived cells even when transplanted into white matter regions in the host slice (Fig. 4J-M) . Proliferation of white matter-derived NG2 cells was not reduced when transplanted into gray matter regions of the host slice (Fig. 4A-C,M) . These data suggest that NG2 cells in the white matter have an intrinsically higher proliferative capacity than those in gray matter.
To further test this, 300 m 3 explants from gray and white matter were isolated and directly cultured on Millicell inserts for 7 d, and proliferation of GFP ϩ cells was assayed as above after exposure to PDGF, FGF2, or EGF for 48 h. White matter-derived NG2 cells increased their proliferation by 3.1-and 4.1-fold in response to 25 ng/ml and 50 ng/ml PDGF, respectively (Fig. 4N ) . By contrast, proliferation of NG2 cells from the gray matter did not increase after PDGF treatment (Fig. 4N ) . Neither FGF2 nor EGF had any effect on proliferation of NG2 cells from gray or white matter (Fig. 4N ) . These observations further supported the previous findings suggesting an intrinsically greater proliferative capacity of NG2 cells in white matter.
NG2 cell proliferation is regulated by the PI-3 kinase/mTOR and Wnt/␤-catenin pathways
To determine whether there were intrinsic differences in the signal transduction mechanism between NG2 cells in gray and white matter, we examined the effects of pharmacological agents on NG2 cell proliferation using isolated explant cultures and forebrain slices from P8 NG2creBAC:ZEG mice. The agents were added during the last 48 h of culture, concomitant with PDGF. The specific ERK1/2 inhibitors U0126 and PD98059 had no effect on proliferation of NG2 cells from gray or white matter in the presence or absence of PDGF (Fig. 5A,B) . Incubation of explants with 20 M U0126 caused a 67% reduction in the level of phosphorylated p44/42 Erk1/2 when normalized to total p44/42 Erk1/2 signal (Fig. 5H, left) . These data indicate that Erk1/2 is not involved in mediating the proliferative response of NG2 cells to PDGF.
By contrast, incubating slice cultures in 20 M LY294002, an inhibitor of PI3K, reduced the level of phosphorylation of Akt on S473 by 70% in PDGF-treated cultures (Fig. 5H, right) and decreased PDGF-induced proliferation of NG2 cells in the white matter by 65%. Similarly, 20 M LY294002 decreased basal NG2 cell proliferation in the white matter by 57% and NG2 cell proliferation in the gray matter under basal and PDGF-treated conditions by 89% and 88%, respectively (Fig. 5 C) . Inhibition of NG2 cell proliferation was also seen in both gray and white matter by another PI3K inhibitor, wortmannin (Fig. 5D) . The mTOR is a known target of activated Akt. There was a significant inhibition of basal and PDGF-induced NG2 cell proliferation in both gray and white matter by the mTOR inhibitor rapamycin at 50 and 100 nM (Fig. 5E) .
The Wnt pathway has been shown to be activated by PDGF in NG2 cells (Chew et al., 2011) . To determine whether the canonical Wnt pathway contributes to NG2 cell proliferation, slice cultures were incubated in the presence of XAV939, which stabilizes Axin by inhibiting tankyrase and thereby inhibits nuclear accumulation of ␤-catenin (Huang et al., 2009) . Treatment with 1-50 M XAV939 significantly inhibited PDGF-induced proliferation in white matter in a dose-dependent manner (Fig. 5F ) , with 51% inhibition attained with 50 M XAV939. When 50 M XAV939 was added to the slices together with 20 M LY294002 or 100 nM rapamycin in the presence of PDGF, there was a further reduction in the proliferation of NG2 cells, although it remained slightly above basal levels (Fig. 5G) . Collectively, these data suggest that NG2 cell proliferation is largely mediated by a combination of the PI3K/mTOR and Wnt/␤-catenin signaling pathways.
Discussion
Using organotypic slice culture system, we have demonstrated that NG2 cells in white matter exhibited a threefold to fourfold greater proliferative response to PDGF than those in gray matter. The greater proliferative response of white matter NG2 cells was specific to PDGF, as these cells did not proliferate significantly in response to EGF or FGF2, which is consistent with the observations that NG2 cells are distinct from EGF-and FGF2-responsive cells in the SVZ (Chojnacki et al., 2008; Ortega et al., 2013) . The greater response of white matter NG2 cells to PDGF was not the result of measurable differences in the level of PDGFR␣ expression in gray and white matter, consistent with previous reports of PDGFR␣ expression (Pringle et al., 1992; Rivers et al., 2008) . Furthermore, we found that white matter NG2 cells in slices isolated from P4 animals proliferated in response to lower concentrations of PDGF and to a greater extent than P8 white matter cells.
The difference in the response between P4 and P8 white matter NG2 cells is intriguing considering the in vivo observation of the dramatic decrease in proliferative rate of NG2 cells in the spinal cord from ages P10 to P18 . The slices were cultured for 7 d before they were exposed to growth factors. Therefore, P4 slices could be considered analogous to P13 in vivo, whereas P8 slices could be considered P17 at the time of EDU administration and analysis. It is possible that the decline in proliferation in the third postnatal week documented in vivo could be accounted for by a decline in the ability of the cells to respond to PDGF. These observations suggest that there are age-dependent mechanisms that lead to decreased sensitivity of white matter cells to PDGF, in addition to the limiting supply of PDGF that occurs with the expansion of NG2 cells (Calver et al., 1998) . Because organotypic slice cultures from adult brain do not survive as well as perinatal slices, we were unable to test whether a similar regional heterogeneity in proliferative response to PDGF exists in the adult CNS. It has been shown that embryonic human neural progenitor cells proliferate at a higher rate in response to ϩ cells that were EDU ϩ originating from the white matter explants when exposed to 25 ng/ml and 50 ng/ml PDGF. Quantification of isolated explants from gray and white matter (N ) showed significant increases in the proportion of proliferating GFP ϩ cells only in white matter explants exposed to PDGF but not FGF2 or EGF. Scale bars: A-L, 100 m; A-L, 25 m. *p Ͻ 0.01, compared with gray matter (two-way ANOVA, Bonferroni post test).
# p Ͻ 0.01, compared with same region control (two-way ANOVA, Bonferroni post test). Error bars indicate SD.
PDGF and FGF2 (Chojnacki et al., 2008) and undergo greater expansion after transplantation compared with adult-derived neural progenitors (Windrem et al., 2004) . Thus, it is possible that the difference in PDGF-induced proliferation between gray and white matter is more pronounced in the young CNS. The difference in the response of gray and white matter NG2 cells to PDGF could be the result of cell intrinsic or environmental mechanisms. Our finding from slice transplant experiments that the proliferative response to PDGF was not influenced by the location in the host slice suggests cell intrinsic mechanisms, although there may be differences in the local microenvironment immediately surrounding NG2 cells in gray and white matter. In the embryonic spinal cord, mRNA encoding PDGF-A is more abundant in the gray matter (Calver et al., 1998) , which may lead to desensitization of the receptor. However, this is unlikely in the postnatal brain because heterotopic transplants behaved similarly to the cells at the site of origin in the presence or absence of PDGF. Thus, it is likely that NG2 cell response to PDGF is determined either cell intrinsically or very locally by surrounding cells and not by mechanisms involving rapid diffusion or signals from intact axons.
In some of the experiments described here, a higher concentration of PDGF was used than the standard 10 ng/ml known to cause a maximum proliferative response in dissociated NG2 cell cultures (Barres et al., 1993) . The higher concentration required for a consistent proliferative response in our slice cultures may be the result of limited diffusion of the growth factor through the Figure 5 . Basal and PDGF-induced proliferation of gray and white matter NG2 cells is dependent on the PI3K-mTOR and Wnt/␤-catenin pathways. Quantification of slices exposed to the ERK1/2 inhibitors U0126 (A) and PD98059 (B) showed no change in the proportion of GFP ϩ cells that were EDU ϩ with or without PDGF. Quantification of slices exposed to PI3K inhibitors LY294002 (C) and wortmannin (D), the mTOR inhibitor rapamycin (E), and the tankyrase inhibitor XAV939 (F ) showed a significant decrease in the proportion of GFP ϩ cells that were EDU ϩ in both gray and white matter, even when exposed to PDGF. G, Quantification of slices exposed to XAV939 and either LY294002 or rapamycin further reduced PDGF-induced proliferation in white matter close to the basal level. H, Representative Western blots showing effective inhibition of p44/42 MAPK ERK1/2 phosphorylation by U0126 and Akt S473 phosphorylation by LY294002 in slice cultures in the presence of PDGF. *p Ͻ 0.001, compared with gray matter (two-way ANOVA, Bonferroni post test).
# p Ͻ 0.05, compared with same region control without PDGF (two-way ANOVA, Bonferroni post test). ϩ p Ͻ 0.05, compared with 50 ng/ml PDGF only (two-way ANOVA, Bonferroni post test). Error bars indicate SD.
tissue in the slices. However, we think this is unlikely, as we have seen a dose-dependent increase in the percentage of proliferating cells in dissociated NG2 cell cultures with PDGF concentrations ranging from 1 to 50 ng/ml (L. Boshans, K. Patel, and A. Nishiyama, unpublished observations). Even at PDGF concentrations that were 2-4 times higher than the saturating concentrations for white matter cells, gray matter NG2 cells failed to proliferate, indicating that PDGF penetration into the slice was not the major factor contributing to the region-dependent differences.
Pharmacological inhibition of Erk1/2 activation had no effect on basal or PDGF-induced NG2 cell proliferation despite the ability of the inhibitor to reduce phosphorylation of Erk1/2 in PDGF-treated slices. Earlier studies using dissociated NG2 cells revealed a significant reduction in PDGF-induced proliferation by ERK inhibitors (Baron et al., 2000) , and genetic deletion of Erk1/2 in Olig2-expressing cells reduced NG2 cell proliferation in early postnatal spinal cord (Newbern et al., 2011) . By contrast, conditional Erk2 knock-out in oligodendrocyte lineage cells had no effect on NG2 cell proliferation even in Erk1 null background (Fyffe-Maricich et al., 2011; Ishii et al., 2012) , which is consistent with our observations. These conflicting findings may be the result of differences in culture conditions, postnatal age, CNS regions examined, and/or the stage of maturity at which Erk2 was deleted (Ishii et al., 2013) . It is possible that MAPK plays a more important role in immature progenitor cells than in NG2 cells.
In our slice cultures, inhibitors of PI3K almost completely abolished basal proliferation of gray and white matter NG2 cells and partially inhibited PDGF-induced proliferation of white matter NG2 cells. Akt and mTOR complex have been implicated in terminal oligodendrocyte differentiation and myelination but not in NG2 cell proliferation (Flores et al., 2008; Narayanan et al., 2009; Tyler et al., 2009 ). By contrast, other studies have shown a critical role for PI3K in both basal and PDGF-induced NG2 cell proliferation (Ebner et al., 2000; Baron et al., 2002) . Furthermore, inhibiting mTOR with a rapamycin analog has been shown to inhibit proliferation of PDGF-induced gliomas in mice (Uhrbom et al., 2004) . We have found that treatment of the slice cultures with rapamycin produced a similar effect to PI3K inhibitors, suggesting that the Akt-mTOR pathway is a predominant signaling mechanism for basal and PDGF-induced proliferation of NG2 cells. The lack of effect of rapamycin or constitutively active Akt on NG2 cell numbers reported in previous studies (Flores et al., 2008; Tyler et al., 2009 ) could be the result of the difference in the maturational stage of target cells.
Our findings that the tankyrase inhibitor XAV939 inhibits NG2 cell proliferation suggest that the Wnt/␤-catenin pathway plays a significant role in basal and PDGF-dependent NG2 cell proliferation. This is consistent with the findings by Azim and Butt (2011) who showed increased NG2 cell expansion after intraventricular injection of GSK3 inhibitors, and the observation that the Wnt pathway is activated by PDGF in dissociated cultures of NG2 cells (Chew et al., 2011) . The Wnt-␤-catenin pathway has also been shown to inhibit oligodendrocyte maturation (Fancy et al., 2009; Feigenson et al., 2009; Ye et al., 2009 ). Additional mechanisms, such as activation of phospholipase C␥ (McKinnon et al., 2005) and the p38 MAPK pathway (Baron et al., 2000) , may account for the residual NG2 cell proliferation that was not abolished by simultaneously inhibiting ␤-catenin and PI3K or mTOR.
The pharmacological experiments described above suggest that NG2 cells in gray and white matter use similar intracellular signal transduction pathways to mediate their proliferation. It is possible that the regional difference in NG2 cell proliferation to PDGF could be the result of differences in the intracellular redox state (Smith et al., 2000; Power et al., 2002) . Electrophysiological mechanisms could also contribute to the difference in the proliferative behavior of NG2 cells in gray and white matter. For example, potassium channels are known to regulate the proliferative capacity of NG2 cells (Gallo et al., 1996; Vautier et al., 2004) , are influenced by PDGFR␣ activation (Chittajallu et al., 2005) , and are present at a higher density in the corpus callosum compared with the neocortex (Chittajallu et al., 2004) .
We have demonstrated for the first time in an intact culture system that white matter NG2 cells undergo a greater proliferative response to PDGF than gray matter NG2 cells. Rapidly proliferating NG2 cells have been shown to generate myelinating oligodendrocytes more readily than those with lower proliferation rates (Bouslama-Ourghlani et al., 2005; Irvine and Blakemore, 2007) . The greater proliferative response of white matter NG2 cells to PDGF may be linked to their ability to differentiate into myelinating oligodendrocytes. It would be interesting to determine whether the highly myelinogenic function of PDGFR␣/CD140a ϩ cells isolated from human fetal forebrain could be attributed to a subpopulation of cells originating from the nascent white matter tracts (Sim et al., 2011) . Further understanding of the mechanisms underlying the regional differences in PDGF-induced NG2 cell proliferation could lead to novel strategies for myelin repair.
